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Abstract 
One of the major distresses of asphalt concrete (AC) in flexible pavements is thermal cracking alongside 
fatigue, weathering related cracking and rutting. Pavements in Illinois road network are highly prone to 
different sources of cracking because of the climatic conditions and heavy traffic loads. Daily 
temperature fluctuations and traffic loading are among the external causes of crack initiation and 
development in pavements whereas structural design of pavements, base and subgrade support and 
conditions, material properties, and drainage conditions are the pavement related factors influence 
cracking development. Since cracking related damage occurs over a wide range of temperature and 
loading conditions, a good understanding of fracture behavior of AC over a spectrum of conditions 
including temperature and rate of displacement is needed. 
This thesis has two major objectives. First is to gain an overall understanding of fracture behavior of AC 
under a wide spectrum of temperature and rates of displacement.  Second is to identify the combination 
of temperature and rate of displacement that would allow cost effective and reasonably accurate 
screening of AC mixes against cracking related damage. To address the issues above, fracture 
experiments using the semi-circular bending (SCB) geometry were carried out for different AC mixtures 
using multiple displacement rates at various temperatures ranging from –38°C to 38°C. Fracture tests 
were conducted using crack mouth opening displacement (CMOD) and load-line displacement control 
modes. The results presented in this thesis showed that the fracture energy distribution showed a phase 
angle relationship with a plateau region at low temperatures and reaching a peak at or around 
intermediate temperatures. . Mixes with higher degrees of viscoelasticity (due to binder content and 
type) are more susceptible to changes in displacement rates and temperatures. Plateau value of fracture 
energy can be governed by mixture volumetric, aggregate skeleton and binder grade. Mixes with similar 
volumetric, generally defined by aggregate gradation and binder grade, could have similar low 
temperature fracture energy in this region. However, it was shown that when these mixes were tested 
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at elevated temperatures, differences in the mixes became more apparent. Therefore, it was concluded 
that AC mixtures are better screened at intermediate temperatures tested at relatively high 
displacement rates  
This thesis also evaluated the application and validity of time-temperature superposition principle 
(TTSP) for SCB fracture experiments. In order to accomplish this objective, displacement rates were 
shifted for each temperature using the shift factors obtained from the complex modulus test conducted 
for the same AC mixture. According to the superposition theory, same viscoelastic material 
characteristics could be obtained when time (represented by rate of displacement in fracture 
experiments) and temperature were adjusted according to a superposition rule. A generalized 
viscoelastic mechanical analog model was shown to successfully represent strength of the two mixes 
over a wide range of temperatures. However, the application of TTSP for fracture energy is limited and 
varying with the change in temperatures and material properties. Mixes with higher degrees of 
viscoelasticity and resulting in smaller stiffness showed greater deviation from TTSP; however, TTSP was 
applicable for stiffer mixes for a greater span of temperature range. At 12°C and above, TTSP was found 
to be inapplicable to representing fracture energy for the AC mixes.   
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1. Introduction 
1.1 Overview 
Being one of the principle materials used for surface layers in pavements, asphalt concrete (AC) has 
been the subject of research and development for a long time. Researches have attributed the 
functional and structural failures of pavement structure to deterioration and distresses over the layers 
composed of AC. One of the main distresses in AC is recognized as cracking related damage due to 
thermal and traffic loading and weathering alongside permanent (rutting) deformation. Cracking 
damage can be in the forms of transverse (thermal), reflective (thermal and traffic), top-down and 
bottom-up (traffic), and block cracking.    
Asphalt concrete behaves in a very brittle manner at low temperature and high displacement rates 
because energy absorption and damage dissipation occur only within a highly localized region, i.e., the 
crack tip or crack front. Fracture mechanism or cracking is commonly observed as a result of thermal 
loading. At low temperatures, the pavement becomes brittle and the traffic loading stresses induced at 
the crack tip cause cracking. Thermal cycles also play a major role in the thermal cracking of AC. Thus, 
studies concentrating on fracture at intermediate temperatures are also given high importance.  
Cracking related damage in AC can cause structural failure of the pavement affecting its long-term 
durability and shorter service life. Current hot-mix asphalt (HMA) design considers cracking from a 
mechanistic-empirical standpoint [1]. These design procedures use bulk material testing and modeling 
without explicit consideration of cracks. For accurate predictions, it is essential to consider traffic and 
thermal loading patterns on the cracking resistance of AC. In recent years, the transportation materials 
research community has given a great deal of attention to the development of testing and analysis 
methods for providing insight into fracture development in AC [2-6]. Researchers have also successfully 
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shown the effect of different factors such as aggregate, binder, material source, and mixture types on 
the fracture resistance potential of AC [7-12].  
Fracture characterization of AC are commonly based on a conventional low-temperature and monotonic 
tests that may or may not simulate true environmental conditions. To better understand the behavior of 
the AC in the field, it is very important to know how the fracture properties of AC change when 
subjected to a variety of displacement rates and temperatures. Generally, as shown in previous studies, 
an increase in temperature and displacement rate leads to an increase in fracture energy, but most of 
these researches are limited to subzero (0°C or below) temperatures [4, 6, 13]. Even though thermal 
cracking is mostly related to low-temperature conditions, it is important to understand fracture 
properties of AC at a wide range of temperature conditions due to other forms of aforementioned 
cracking mechanisms. Time-temperature superposition commonly used for viscoelastic material 
characteristics can be a useful tool to expand our understanding of fracture properties changing with 
displacement rate and temperature.  
Im et al. (2013) studied the effect of displacement rate and temperature on a broader spectrum; 
whereas Nguyen, Q.T. et al (2012) and Nguyen, M.L. et al. (2012) used the concept of variable 
displacement rate and temperature to validate the existence of the time-temperature superposition 
principle (TTSP) in a non-linear crack propagation domain [14-16]. To better understand the fracture 
behavior and properties of AC, it is important to investigate the displacement rate and temperature 
dependency using TTSP. A brief background of fracture characterization of viscoelastic materials and use 
of time-temperature superposition is discussed in the next section.  
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1.2 Viscoelastic Displacement Rate-Temperature Dependency for Fracture 
Properties 
1.2.1 Displacement Rate-Temperature Dependency of Fracture for Viscoelastic 
Materials 
Viscoelastic materials are commonly used in various civil engineering applications. Polymers can be 
considered as one of the commonly used industrial and natural materials which show varying degrees of 
viscoelastic behavior. Polymers are used for different types of purposes from civil engineering to 
aerospace applications.  Polymeric materials which include rubber used tires, binding agents such as 
asphalt binder used in AC mixes are a few examples of polymers. Polymerized materials exhibit time and 
temperature dependency in their mechanical behavior, thereby demonstrating viscoelasticity. In 
addition to pure polymeric materials, AC and concrete are the quasi-brittle materials that shows some 
degrees of time and temperature dependency due to the matrix agent binding hard aggregates.   
Theories of fracture mechanics that involve characterization of elastic and elastoplastic materials are not 
sufficient to gain in-depth knowledge about the crack tip behavior of viscoelastic materials subjected to 
time-temperature dependent fractures processes.  
The fracture properties of various polymers were experimentally investigated by various researchers; in 
these research efforts, even though the degree of viscoelasticity varied, fracture toughness consistently 
depended on temperature and displacement rate [17-21].  
Griffith’s surface free energy approach was used to formulate the above mentioned relationship of time-
temperature dependency. Knauss [22, 24] developed a delayed failure concept for linear viscoelasticity 
referring to the rate effect on cracking in polymers. A local crack tip model similar to the one proposed 
by Barenblatt was adopted by Knauss. The model restricts failure to a very thin strip over which the 
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fracture work gets dissipated [22, 23]. Knauss showed that TTSP is valid for some polymers, indicating 
that they obey a thermo-rheologically simple behavior even in the domain of non-linearity, or crack 
propagation [24].  
The fracture characteristics of concrete are also influenced by displacement rate and temperatures [25-
27]. According to Bazant and Planas, for quasi-brittle materials with very small plastic zone, such as 
concrete, and specifically for fracture tests at the crack tip [28]. Three possibilities may arise due to time 
and temperature dependent fracture: 
1. Outer zone or far-field areas are linear elastic or time independent and the fracture process is 
viscoelastic or time dependent. 
2. Outer zone is linear viscoelastic, whereas the fracture process is linear elastic. 
3. Both fracture process zone and the far-field regions are viscoelastic or time dependent. 
The first possibility has been mostly observed for concrete fracture, while the second possibility was 
found to be more accurate for ice sheets [29, 30]. To understand viscoelastic material behavior of 
concrete, a rate-dependent softening law based on the activation energy theory was developed, 
coupling the crack and crack front [29, 30]. It was found that during specimen loading and subsequent 
crack propagation, some energy is dissipated in the far-field locations, also known as bulk dissipation, 
which is not fully attributed to the local or pure fracture energy of the material [28, 31]. This energy 
tends to increase more as temperature increases and displacement rate decreases.  
Even though the material time scales between concrete and AC are very different, the models 
developed for concrete shed some light on the development of a rate or time and temperature-based 
relationship with AC [29, 30].  
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1.2.2 Displacement Rate-Temperature Dependency for Asphalt Concrete 
Asphalt concrete is considered as a viscoelastic material with modulus characteristics highly dependent 
on rate of loading and testing temperature. Viscoelasticity of AC comes from asphalt binder filling the 
void space between crushed and natural aggregates. Viscoelastic modulus characterization of AC is well 
established in the literature and paving industry. Complex modulus tests are commonly performed at 
varying temperatures and loading frequency to develop the viscoelastic constitutive relationship 
commonly known as master curves of viscoelastic modulus.  
The concept of master curve and time-temperature superposition was also applied to material 
characteristics other than modulus. At low temperatures, or subzero temperature, the master curves for 
failure stress, failure strain, and failure energy are established based on the direct tension tests 
conducted on asphalt binders [32]. The shift factors found in that study were similar to those found 
from testing the binders for shear modulus. Critical strain energy density (CSED) was identified as a new 
parameter which provided better correlation with field fatigue performance, using the dynamic shear 
rheometer test, where TTSP was found valid [33, 34]. Chehab et al. showed that for a growing damage in 
the uniaxial tension state, TTSP is valid for AC [35]. The shift factors were found to be similar to those 
identified in the dynamic modulus tests. This research study verifies that TTSP is valid not only in the 
linear viscoelastic range but also in non-linear ranges.  
Wen et al. used the indirect tensile test (IDT) to characterize fatigue in AC mixtures using variable 
displacement rates and temperatures [36]. They captured the stress and strain from the tests and used 
shift factors from the complex modulus to fit master curves of CSED and failure strains. The strength 
data obtained from these rate-temperature experiments were also used to prove that TTSP is valid for 
strength, using slightly different shift factors. The problem with this type of testing and analysis is that 
the tests are run at the same displacement rates across all different temperatures and therefore it is not 
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possible to validate the TTSP master curve as no tests are run at the reference temperature with 
reduced displacement rates. Thus, it can be said that the TTSP model generated might be valid in some 
cases, but may not be valid for displacement rates and temperatures when the displacement rates are 
shifted to an equivalent displacement rate of another temperature.   
Displacement Rate and temperature dependency of fracture in viscoelastic materials can manifest itself 
in the size of fracture process zone and critical crack front parameters. Quasi-brittle materials typically 
have larger fracture process zone (FPZ), thus rendering the use of the linear elastic fracture mechanics 
theory inaccurate [37]. Researchers tried to solve this problem using the J-integral or stress intensity 
approach or cohesive zone modeling [38-44]. Im et al. [14] used variable displacement rates and 
temperatures to characterize and quantify the effect of the FPZ and to identify the fracture properties of 
asphalt mixtures. Im et al. [14] used notch-mouth opening displacement (NMOD), notch-tip opening 
displacement (NTOD), and load line displacements. They also used digital image correlation to measure 
displacements at the notch and at the load line and found compatible measurements. Results from the 
cohesive zone model, although similar to NMOD or NTOD results, were always lower, thus showing that 
the fracture process is a local phenomenon. The results also showed that, at low temperatures, 
displacement rate dependency decreases, unlike the results observed at intermediate and high 
temperatures.  
Researchers also used shifted displacement rates at different temperatures to validate TTSP in small and 
large strains within the crack propagation domain [15, 16]. They implemented the equivalent time 
concept to show that if the loading paths of two tests are identical for a shifted equivalent or reduced 
time, then the responses of both tests are the same. The researchers used a reference temperature and 
shifted displacement rates for different temperatures to achieve similar displacement histories in 
equivalent time range. They found that the fracture energy values and load-displacement plots were 
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similar, therefore implying that TTSP might be valid at crack propagation and large strain domain. 
Therefore, there is a need for additional research on TTSP, especially at higher temperatures for the 
large strain domain, using the concept of displacement rate effect under varying temperatures.  
1.3  Research Objectives  
This research was primarily focused on the experimental investigation of the displacement rate and 
temperature dependency of strength and fracture properties of AC. This thesis aims at first gaining an 
overall understanding of fracture behavior of AC under a wide spectrum of temperature and rates of 
displacement and then finding the combination of temperature and rate of displacement that would 
allow cost effective and reasonably accurate screening of AC mixes against cracking related damage. 
Consideration of a wide spectrum of temperatures and displacement rates also allowed a critical 
evaluation of the validity of time-temperature superposition rule for fracture and strength properties.   
1.4 Research Approach  
The following tasks were undertaken to accomplish the research objectives: 
a) Fracture energy and Indirect Test (IDT) strength were the two test parameters studied in this 
thesis. Semi-circular bend geometry was chosen due to simple specimen fabrication and ease of 
testing.  The IDT geometry was used with a 95mm thick specimen to evaluate temperature and 
loading rate dependency of strength.   
b) All mixtures were run through the Complex modulus (E*) test and master curves were obtained 
to evaluate viscoelastic characteristics of mixes used. Shift factors obtained for the development 
of master curves were used to evaluate the validity of TTSP. 
c) The IDT strength test was conducted starting at 25°C as the reference temperature; reduced 
loading rates were then studied at lower temperatures by using shift factors to determine 
equivalent slower loading rates. The results were plotted in a strength vs. reduced loading rate 
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plot to show the effect of displacement rate on strength at 25°C, and a model was developed to 
characterize this loading rate dependency.  
d) Fracture testing was conducted using CMOD control and linear variable displacement transducer 
(LVDT) control. For both tests, a set of displacement rates at varying temperatures was used to 
identify the displacement rate and temperature dependency of the AC mixtures. These 
displacement rates were then shifted using shift factors from E* test to plot energy vs. reduced 
displacement rates, showing the effect of displacement rate with respect to a reference 
temperature. This approach also helped identify and validate TTSP at wide spectrums of 
temperature and displacement rates.  
1.5 Research Scope 
This thesis consists of eight chapters: Chapter 1 provides an introduction to displacement rate and 
temperature dependency of asphalt and a discussion on previous research. Chapter 2 introduces the 
mixtures and tests used in the study and includes a brief discussion on specimen preparation. Chapter 3 
presents the experimental results of complex modulus tests, chapters 4 and 5 present the displacement 
rate and temperature-dependent IDT strength and fracture characterization respectively, chapters 6 and 
7 present the findings developed based on variable displacement rate and temperature-dependent 
fracture tests, taking into consideration mixtures constituents and the TTSP effect. Chapter 8 discusses 
findings, conclusions, and recommendations for future research.  
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2. Experimental Program and Specimen Preparation 
2.1 Overview 
To examine the behavior of AC mixtures, a test matrix involving the complex modulus test, IDT strength 
test, and the semi-circular bend (SCB) fracture test was developed. The complex modulus test 
determines the linear viscoelastic characteristics of AC mixtures at linear stress-strain state. A standard 
Tensile Strength Ratio (TSR) specimen geometry was used to determine the IDT strength values [49]. The 
SCB geometry for fracture was selected for simplicity of preparation and use. Six types of mixtures were 
used in this study for different tests to compare the displacement rate and temperature effects on AC. 
In this chapter, the materials used are introduced along with the testing procedures and specimen 
preparation. 
2.2 Material Characteristics 
Six AC mixtures selected are classified into three groups. Each of these groups is different in nominal 
maximum aggregate size (NMAS), binder type, aggregate gradation, and (%) voids in mineral aggregate 
(VMA). The mixes selected were developed as part of the Illinois Center for Transportation (ICT) R27-128 
project which investigated the development of a fracture test to screen mixes with high amounts of 
recycled contents. The mixtures were identified by their N-design and percentage of binder 
replacement. Standard procedures were used for mixtures designing and quality control [1, 45, 46]. Four 
of the six mixtures were produced in the plant while two were prepared in the lab. A summary of the 
mixtures used in this study is provided in Table 2.1. 
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Table 2.1. Mixture Design Summary 
Mixture 
ID 
NMAS Gradation 
Binder 
Type 
Binder 
(%) 
VMA 
(%) 
RAP 
(%) 
RAS 
(%) 
ABR 
(%) 
Mixture 
Source 
N70-25% 9.5 Coarse PG 58-28 6 14.5 29 0 25 Plant 
N70-50% 9.5 Coarse PG 58-28 6 14.5 30 5 50 Plant 
N80-25% 12.5 SMA PG 70-28 6 15.8 8 4.5 25 Plant 
N80-50% 12.5 SMA PG 70-28 6 15.8 18 7.5 50 Plant 
N90-0% 9.5 Coarse PG 64-22 6 15.3 0 0 0 Lab 
N90-30% 9.5 Coarse PG 58-28 6 15.3 0 7 30 Lab 
 
The AC mixtures consist mostly of aggregate stockpiles found in the State of Illinois. Dolomite and 
natural sand were mostly used in the mixtures, in addition to reclaimed asphalt pavements (RAP) and 
recycled asphalt shingles (RAS). For the lab mixes, the aggregate stockpile was sieved according to 
AASHTO T27 [47]. The overall gradations of the AC mixtures used are provided in Table 2.2.  
Table 2.2. Combined Aggregate Gradations Used 
Aggregate 
Gradations 
(% 
Passing) 
Sieve Size 
(mm) 
N70-25% N70-50% N80-25% N80-50% N90-0% N90-30% 
19 100 100 100 100 100 100 
12.5 100 100 93 93 100 100 
9.5 96 96 60 61 98.2 98.1 
4.75 54 52 28 29 57.4 56.3 
2.36 29 28 19 19 34.8 36.1 
1.18 22 22 15 15 23.5 26.2 
0.6 16 16 12 12 16 18.3 
0.3 10 11 10 11 10.3 12.7 
0.15 7 9 9 9 6.2 8.7 
0.075 4.9 6.1 7.6 7.5 5.1 7.2 
  
2.3 Dynamic Modulus Test 
2.3.1 Test Principles 
The dynamic modulus test is conducted to extract the linear viscoelastic properties of AC mixtures. The 
dynamic modulus of a mixture is one of the most important inputs provided when pavement 
performance is evaluated with respect to different temperatures and speeds of loading. The test is run 
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with an approximated initial modulus value and is then adjusted to prevent the loading produced from 
deforming the specimen more than its linear range. The 50 to 75 micro-strain level was considered as 
the level that would not induce non-linear damage to the specimen, such that the dynamic modulus 
would represent the intact stiffness of the material.  
A typical test setup and the axial stress and strain results obtained from the complex modulus test are 
shown in Figure 2.1. 
 
Figure 2.1: Typical test setup and axial stress and strain results of the dynamic modulus test. 
The dynamic modulus is thus obtained using the following equation: 
|E*|= 
𝜎𝑜
∈𝑜
……………………………………………. (Eqn. 2.1) 
 where, |E*|= Dynamic Modulus 
 𝜎𝑜= Peak Stress magnitude 
 ∈𝑜= Peak Strain magnitude 
All viscoelastic materials produce a delay, as shown in Figure 2.1, between the loading and the material 
response under the cyclic loading conditions. This time delay, known as the phase angle, is quantified by 
the following equation: 
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Φ= ω* td= (2πf) * td…………………….…................. (Eqn. 2.2) 
where, Φ= Phase angle (degrees) 
ω= Angular frequency (radians/sec.) 
f= Loading frequency (Hz) 
td= Time delay between stress and strain 
The test is run according to AASHTO T312-11 [48] using five temperatures (-10, 4, 21, 38 and 54°C) and 
six loading frequencies (25, 10, 5, 1, 0.5 and 0.1 Hz). The results obtained are shifted using TTSP to 
obtain the linear viscoelastic master curves for a desired reference temperature (25°C). The results are 
then fitted by a Prony series obtained from the generalized Maxwell model as follows: 
E’(ω) = E∞ + ∑
𝐸𝑖ω
2𝜌𝑖
2
ω2𝜌𝑖
2+1
𝑛
𝑖=1 ……………………...…. (Eqn. 2.3) 
where, E’(ω) = Storage Modulus 
ω= Angular frequency (radians/sec.) 
E∞= Long-term Equilibrium modulus 
Ei= Instantaneous modulus 
𝜌𝑖= Relaxation Time 
n= number of Maxwell units in the Maxwell model used 
2.3.2 Specimen Preparation 
A Superpave gyratory compactor is used to produce cylindrical samples of 150mm diameter and 180mm 
height. The samples were cored and cut to produce the required specimens with an air void content of 7 
± 0.5 %.  
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Figure 2.2: Typical dynamic modulus testing pill and specimen. 
To measure the axial displacement of the specimens, strain gauges were glued to the surface of the 
specimens so that three LVDT could be attached at 120o radial intervals with a 100mm gauge length. 
Figure 2.3 illustrates the process used to glue the strain gauges and how the specimen looked after the 
attachment.  
 
Figure 2.3: Typical dynamic modulus specimen strain gauge fixing. 
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2.4 Indirect Tensile Strength 
2.4.1 Test Principles 
The IDT strength test is conducted to evaluate the relative quality of AC mixtures when subjected to 
stresses crossing the linear range. The test is run alongside mix design testing to estimate rutting, fatigue 
and cracking potential. The results can be used to determine the moisture damage potential of the 
mixture when both dry- and moisture-conditioned specimens are tested [49]. The test is run in 
accordance with ASTM D6931-12 [50] at different temperatures and displacement rates to characterize 
the behavior of AC mixtures.  
The test is run to get the maximum load the mixture can resist, which indicates the strength of the 
specimen:   
St = 
2∗𝑃
𝜋∗𝐷∗𝑡
……………………………………………………. (Eqn. 2.4) 
where, St= IDT Strength, MPa 
P= Peak Load, N 
t= Thickness or Height of Specimen, mm 
D= Diameter of Specimen, mm 
Figure 2.4 illustrates the test setup for the IDT strength test.  The test was run at three temperatures (4, 
25, and 38°C) at various loading rates, which were selected based on the shift factors obtained from the 
dynamic modulus test. The results obtained were shifted using TTSP to obtain the strength-based 
master curves for the reference temperature. The master curve was then fitted with a generalized 
Maxwell-like model to characterize the behavior of the mixtures. 
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Figure 2.4: Typical indirect tensile specimen within the test fixture. 
St(R) = S∞ + ∑
𝑆𝑖𝑅
2𝜌𝑖
2
R2𝜌𝑖
2+1
𝑛
𝑖=1 …………………………… (Eqn. 2.5) 
where, St= IDT Strength, MPa 
S∞= Long-term Equilibrium Strength 
Si= Instantaneous Strength 
R= Reduced Loading Rate, mm per minute (mm/min) 
𝜌𝑖= Relaxation Time 
n= Number of units in the model used 
2.4.2 Specimen Preparation 
The specimens were prepared in accordance with AASHTO T283-07 [49]. Hence, the specimens were 
compacted to reach 95mm in height or thickness and a diameter of 150mm. The specimens were 
compacted to an air void content of 7 ± 0.5 %. The compacted specimens were directly used to run the 
IDT strength test. Figure 2.5 shows us a compacted IDT specimen used in the test. 
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Figure 2.5: Typical indirect tensile specimen. 
2.5 Semi-Circular Bend Fracture Test 
2.5.1 Test Principles 
A fracture test is conducted to estimate the low-temperature cracking resistance of AC mixtures. There 
are various versions of SCB tests in the literature designed for low and intermediate temperature 
fracture characterization. For example, AASHTO TP105-13 [51] describes the use of SCB test for low 
temperature characterization. The procedures followed in this thesis deviated from the AASHTO specs in 
order to allow evaluation of displacement rate and temperature dependency [52]. Both CMOD and LVDT 
controlled tests were conducted at various combinations of displacement rate and temperature. The 
most important parameter obtained from this test is the fracture energy which can be used to indicate 
the overall capacity of the AC mixture to resist cracking. The other parameters extracted, such as peak 
load and post-peak slope, were used to determine fracture toughness and the flexibility index. A typical 
fracture test setup and load displacement plot are shown in the Figure 2.6. The intermediate 
temperature SCB test method, also known as IL-SCB [52], is an outcome of the ICT project R27-128 and 
is used to calculate fracture energy and flexibility index derived in this project. The experiments 
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conducted as part of this thesis paved the way to select temperature and rate of displacement for the IL-
SCB test method which was also accepted as provisional specifications by AASHTO TP 124[52].    
 
Figure 2.6: The IL-SCB fracture test setup and load vs. displacement result. [52, 53] 
Fracture energy is the area under the load displacement curve or work done divided by the ligament 
area of the specimen.  
𝐺𝐹 =
𝑊𝑓
𝐴𝑙𝑖𝑔
   …………………………………………….……… (Eqn. 2.6) 
where, Gf = fracture energy, J/m2 
WF = work of fracture, J 
Alig = ligament area (m2) = (r-a) x t                                             
r = specimen radius, m 
a = notch length, m 
t = specimen thickness, m 
The work of fracture, or the area under the curve, is calculated using a numerical integration technique: 
𝑊𝑓 = ∫ 𝑃(𝑢)𝑑𝑢
𝑢𝑓𝑖𝑛𝑎𝑙
0
 ……………………………..……… (Eqn. 2.7) 
where, P(u)= load, KN 
u= displacements, mm 
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In the area under the curve, the pre-peak portion of the curve is fitted to a third-degree polynomial, 
whereas the post-peak portion is fitted to an exponential function. The equations to calculate both 
portions are given as follows: 
𝑃(𝑢) = 𝑎1 × 𝑢
3 + 𝑎2 × 𝑢
2 + 𝑎3 × 𝑢 + 𝑎4…….. (Eqn. 2.8) 
𝑃(𝑢) =  ∑ 𝑎𝑖exp [−(
𝑢−𝑏𝑖
𝑐𝑖
)2]
𝑛
𝑖 = 1
……………….. (Eqn. 2.9) 
where, ai, a1, a2, a3, a4= Fitting coefficients 
bi, ci= Fitting coefficients 
The strength of the SCB specimen is calculated using the following formula: 
S = 
𝑷
𝟐∗𝑹∗𝒕
………………………………………….………………. (Eqn. 2.10) 
2.5.2 Specimen Preparation 
SCB specimens were prepared according to specification [51, 52]. The Superpave gyratory compactor 
was used to compact the mixture pill to 180mm height and 150mm diameter. Two 50-mm-thick slices 
were cut from the middle of these pills, halved to obtain the semi-circular geometry, and notched to a 
length of 15 ± 1 mm to obtain the required fracture testing specimens. The specimens were then glued 
with clip gauges at the notch mouth and an extensometer was attached there to record the CMOD. A 
typical sample preparation of SCB fracture test is summarized in Figure 2.7.  
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Figure 2.7: Typical SCB fracture specimen preparation. [52, 53] 
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3. Linear Viscoelastic Characterization of Asphalt Concrete Mixtures 
3.1 Overview 
The complex modulus test as discussed in section 2.3 is used for the linear viscoelastic characterization 
of the AC mixtures. Previous studies have recommended this test for comparative mixture-level studies 
[9, 54-56]. The following test results of different mixtures provide a clear understanding of the 
difference between the mixtures in terms of stiffness, phase angle, elasticity, and viscoelasticity under 
linear stress-strain conditions.  
3.2 Test Results and Discussions 
Results of the complex modulus tests were grouped according to the mixtures’ N-designs and recycled 
contents (%RAP and %RAS). The mixtures’ viscoelastic characteristics were investigated using the 
following parameters:  
 Complex modulus vs. reduced frequency (E*- master curve) - This master curve provides a 
distinct idea about the change in the uniaxial modulus of asphalt mixtures over a wide range of 
temperatures and frequencies. These values include elastic and viscous phases of an asphalt 
mix.  
 Phase angle vs. reduced frequency (phase curve) - Phase angle curves indicate the evolution of 
the viscous phase of asphalt mixtures with respect to time and loading frequencies. The higher 
the phase angle, the more fluid-like it is, whereas a lower phase angle denotes stiff or rigid 
material. 
 Complex modulus vs. phase angle (black curve) – These curves are used to define the correlation 
between the complex modulus and phase angle of AC mixtures.  
 Storage modulus vs. loss modulus (Cole-Cole curve) – These curves are a measure of the elastic 
vs. the viscous part of the complex modulus of an asphalt mixture.  
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3.2.1 Characterization of N70 Mixtures 
The viscoelastic characteristics of the two N70 mixtures, containing 25% and 50% RAP and RAS, 
respectively, are shown in Figure 3.1.  
 
 
Figure 3.1: Viscoelastic characterization of N70 mixtures: (a) E*- master curve, (b) phase angle curve, 
(c) black curve, and (d) Cole-Cole curve. 
Following is a brief summary of the viscoelastic characteristics of N70 mixtures: 
 An obvious increase in modulus or stiffness is evident in the master curve with the increase 
in ABR. 
 Phase angle clearly reduces (shifts to the left) with the increase in ABR, thus reflecting a 
smaller loss component or viscosity with the increase in ABR at the same frequency. 
     (a)      (b) 
     (c)      (d) 
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 The loss and storage modulus curve shrinks with the increase in ABR, as shown in the Cole-
Cole plots. This indicates that, in general, there is a reduction in loss modulus of the AC 
mixes for the same storage modulus, which in turn indicates changes in the stress relaxation 
potential of the mixes.  
The prony series coefficients and the William-Landel-Ferry (WLF) shift factors (C1 & C2) used to employ 
TTSP for developing the above master curves are shown in Table 3.1. The Table provides us with the 
Long term Modulus (Eα), whereas Taus and En represent the prony series.  
Table 3.1. Prony Series Coefficients and WLF Shift Factors of N70 Mixtures 
N70-25%ABR N70-50%ABR 
Eα Eα 
69.24 173.3 
Taus En Taus En 
3.33E+05 8.35 3.33E+05 40.42 
4.46E+04 18.39 4.64E+04 87.23 
4.17E+03 39.49 4.17E+03 174.24 
5.55E+02 102.42 5.37E+02 362.34 
5.23E+01 241.38 5.23E+01 696.75 
1.22E+01 457.2 1.22E+01 1036.83 
2.82E+00 832.18 2.82E+00 1457.05 
6.56E-01 1393.99 6.56E-01 1916.1 
1.52E-01 2081.87 1.52E-01 2348.02 
3.54E-02 2740.83 3.54E-02 2685.68 
8.23E-03 3194.32 8.23E-03 2878.34 
1.91E-03 3348.19 1.91E-03 2914.19 
4.44E-04 3208.23 2.79E-04 2706 
1.03E-04 2872 2.40E-05 2288.22 
2.40E-05 2415.49 3.38E-06 1821.43 
C1 C2 C1 C2 
36.2367 294.2 37.697 294.2 
3.2.2 Characterization of N80 Mixtures 
Figure 3.2 shows four plots depicting the viscoelastic characteristics of the N80 mixtures, containing 25% 
and 50% ABR.  
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Figure 3.2: Viscoelastic characterization of N80 mixtures: (a) E*- master curve, (b) phase angle curve, 
(c) black curve, and (d) Cole-Cole curve. 
The following briefly summarizes the viscoelastic characteristics of the N70 mixtures: 
 The E* curves show the similarity between the two N80 mixtures. 
 The phase angle slightly reduced at higher ABR content, similar to the behavior observed for the 
N70 mixtures. 
 The Cole-Cole plot shows significant differences in the response of mixes when ABR level is 
increased. The Cole-Cole curve shrinks with the increase in the level of ABR.  
The prony series and the shift factors used to employ TTSP for developing the above master curves are 
shown in Table 3.2. 
     (a)      (b) 
     (c)      (d) 
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Table 3.2. Prony Series Coefficients and WLF Shift Factors of N80 Mixtures  
N80-25%ABR N80-50%ABR 
Eα Eα 
188.98 180.13 
Taus En Taus En 
1.05E+05 80.55 1.05E+06 93.52 
2.76E+04 82.09 1.45E+05 132.59 
4.37E+03 171.21 2.00E+04 237.5 
3.16E+02 411.37 2.76E+03 408.54 
3.42E+01 736.44 3.81E+02 684.19 
8.98E+00 1051.86 5.26E+01 1074.97 
2.35E+00 1421.94 7.25E+00 1546.01 
6.18E-01 1800.79 1.00E+00 1996.68 
1.62E-01 2124.38 1.38E-01 2301.67 
4.25E-02 2335.44 1.90E-02 2384.1 
1.11E-02 2402.55 2.62E-03 2251.43 
2.92E-03 2334.23 3.62E-04 1976.95 
4.56E-04 2041.79 4.99E-05 1636.5 
3.23E-05 1518.65 6.89E-06 1309.54 
3.62E-06 1127.67 9.50E-07 989.92 
C1 C2 C1 C2 
36.4378 294.2 36.021 294.2 
 
3.2.3 Characterization of N90 Mixtures 
Figure 3.3 shows four plots depicting the viscoelastic characteristics of the N90 mixtures, containing 0% 
and 30% ABR. 
The following briefly summarizes the viscoelastic characteristics of N70 mixtures: 
 The E* curves show that the similarity between the two N90 mixtures; this might be attributed 
to the use of softer binder with N90-30%. 
 The phase angle reduced slightly for the mixture containing ABR, which shows that the overall 
reduction in stiffness of the mix is very low and slow. 
 The Cole-Cole plot for these two mixtures failed to distinguish between the control and high-
ABR mix. 
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Figure 3.3: Viscoelastic characterization of N90 mixtures: (a) E*- master curve, (b) phase angle curve, 
(c) black curve, and (d) Cole-Cole curve. 
 
The prony series and the shift factors used to employ TTSP for developing the above master curves are 
shown in Table 3.3. 
 
 
 
     (a)      (b) 
     (c)      (d) 
26 
 
Table 3.3. Prony Series Coefficients and WLF Shift Factors of N90 Mixtures  
N90-0%ABR N90-30%ABR 
Eα Eα 
63.39 48.61 
Taus En Taus En 
1.05E+05 24.22 1.05E+05 49.45 
1.71E+04 39.67 1.71E+04 83.49 
2.78E+03 85.64 2.78E+03 171.66 
4.52E+02 193.26 4.52E+02 337.04 
7.36E+01 452.33 7.36E+01 627.22 
1.20E+01 1019.08 1.20E+01 1070.15 
1.94E+00 2013.43 1.94E+00 1641.6 
3.16E-01 3212.43 3.16E-01 2243.43 
5.14E-02 4010.34 5.14E-02 2736.42 
8.36E-03 4011.34 8.36E-03 3011.11 
1.36E-03 3389.49 1.36E-03 3030.78 
2.21E-04 2555.12 2.21E-04 2840.85 
3.59E-05 1787.98 3.59E-05 2505.59 
5.84E-06 1200.05 5.84E-06 2130.93 
9.50E-07 772.68 9.50E-07 1708.29 
C1 C2 C1 C2 
33.3993 294.2 37.3109 294.2 
 
3.3 Summary 
Based on the complex modulus tests performed, the AC mixtures containing higher amount of recycled 
content (RAP and RAS) generally exhibit higher modulus with lower viscous component than the 
corresponding AC mixtures. Shift factors, used in the next stages of the experimental program, were 
obtained from the complex modulus test results.  
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4. Strength Characterization of Asphalt Concrete Mixtures with 
Variable Loading Rate and Temperature 
4.1 Overview 
Indirect tensile (IDT) tests are conducted to study the effect of rate and temperature on the strength of 
AC mixtures. Similar experiments can be found in the literature investigating the effect of specific 
loading rates under varying temperatures and the use of shift factors to develop generalized strength 
models [35, 36]. In this study, the shift factors obtained from the complex modulus test results, shown 
in the previous chapter, were used to predict the equivalent rates for different temperatures and to 
compare the validity of TTSP for the strength of AC mixtures. This chapter presents the test results for 
the effect of rate and temperature on the strength of AC mixtures.   
4.2 Test Results and Discussion 
The results and plots for variable displacement rate strength tests for N70 mixes are provided at 
different temperatures in Figure 4.1. All test results were repeatable, except for N70-50% ABR; the 
specimen was found too soft and experienced bulk failure before cracking initiates at 38°C. The general 
trend observed was in line with the expectation that, with the increase in loading rate at a given 
temperature, the peak load or strength would increase. Also, increases in temperature resulted in 
decreases in strength or peak load as the material became soft indicating loss in structural capacity at 
higher temperatures. 
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Figure 4.1: Variable Loading Rate Strength Characterization Load vs Displacement Plots for N70 
mixtures: (a) N70-25 at 4°C, (b) N70-50 at 4°C, (c) N70-25 at 25°C, (d) N70-50 at 25°C, (e) N70-25 at 
38°C, and (f) N70-50 at 38°C. 
All test results were repeatable, except for N70-50% ABR; the specimen was found too soft and 
experienced bulk failure before cracking initiates at 38°C. The general trend observed was in line with 
     (e)      (f) 
     (a) 
     (b) 
     (c)      (d) 
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the expectation that, with the increase in loading rate at a given temperature, the peak load or strength 
would increase. Also, increases in temperature resulted in decreases in strength or peak load as the 
material became soft indicating loss in structural capacity at higher temperatures.   
These results were plotted together in a reduced displacement rate plot with a reference temperature 
taken at 25°C. The shift factors used were obtained from the Williams-Landel-Ferry (WLF) coefficients 
determined from the independent complex modulus test. The method to calculate reduced rates is 
given as follows: 
V(Ti)= 
V(T𝑅)∗ 𝑎𝑇(𝑇𝑅)
𝑎𝑇(𝑇𝑖)
…………............................................................................….….. (Eqn. 4.1) 
where, V(TR)= Loading / Displacement Rate used at reference temperature 
V(Ti)= Loading / Displacement Rate used at testing temperature 
aT(TR)= 1 (Reference temperature) = Shift factor for reference temperature 
aT(Ti)= exp(
−𝐶1∗(𝑇𝑖−𝑇𝑅)
𝐶2+𝑇𝑖−𝑇𝑅
) = Shift Factor for Testing Temperature……………….…………(Eqn. 4.2) 
where, C1 and C2 are the WLF coefficients. 
The plot depicted in Figure 4.2 shows similar behavior to the stiffness or E* for reduced rates. To 
generalize this finding, a Maxwell-like model was used where strength was considered the varying 
parameter. The model used is given as follows: 
𝑆∆(∆̇)= 𝑎 + 𝑏 [1 − 𝑒𝑥𝑝 (−
∆̇
𝑐
)] + 𝑑 [1 − 𝑒𝑥𝑝 (−
∆̇
𝑒
)] + 𝑓[1 − 𝑒𝑥𝑝 (−
∆̇
𝑔
) + ℎ[1 − 𝑒𝑥𝑝 (−
∆̇
𝑖
)] ….…..(Eqn. 4.3) 
where, 𝑆(∆̇)= Strength at reduced rate= Fitting strength 
∆̇= 𝑅𝑒𝑑𝑢𝑐𝑒𝑑 𝑟𝑎𝑡𝑒 
a, b, c, d, e, f, g = Fitting coefficients 
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Table 4.1. Summary of IDT Strength Test Results for N70 Mixtures 
Temperature  
(oC) 
Displacement 
Rate Used  
(mm/min) 
N70-25%-ABR N70-50%-ABR 
Reduced 
Rate  
(mm/min) 
Strength  
(MPa) 
Reduced 
Rate  
(mm/min) 
Strength  
(MPa) 
38 50 1.6 0.33 
1.4 0.56 
38 62.5 2 0.38 
1.75 0.72 
38 75 2.4 0.41 
2.1 0.62 
25 6.25 6.25 0.64 
6.25 0.73 
25 12.5 12.5 0.71 
12.5 0.85 
25 25 25 0.8 
25 0.9 
4 0.05 25.55 0.87 
32.847 0.88 
4 0.5 255.5 1.48 
328.47 1.42 
4 1.5 766.5 1.89 
985.41 1.83 
 
 
Figure 4.2: Strength Mastercurve for N70 mixtures in Reduced Loading Rate format. 
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The plot depicted in Figure 4.2 shows similar behavior to the stiffness or E* for reduced rates. To 
generalize this finding, a Maxwell-like model was used where strength was considered the varying 
parameter. The model used is given as follows: 
𝑆∆(∆̇)= 𝑎 + 𝑏 [1 − 𝑒𝑥𝑝 (−
∆̇
𝑐
)] + 𝑑 [1 − 𝑒𝑥𝑝 (−
∆̇
𝑒
)] + 𝑓[1 − 𝑒𝑥𝑝 (−
∆̇
𝑔
) + ℎ[1 − 𝑒𝑥𝑝 (−
∆̇
𝑖
)] ….…..(Eqn. 4.3) 
where, 𝑆(∆̇)= Strength at reduced rate= Fitting strength 
∆̇= 𝑅𝑒𝑑𝑢𝑐𝑒𝑑 𝑟𝑎𝑡𝑒 
a, b, c, d, e, f, g = Fitting coefficients 
Table 4.2. Strength Fitting Coefficients for N70 Mixtures 
Fitting Coefficients N70-25 N70-50 
a 0.016 0.505 
b 0.06 0.068 
c 0.07 0.1 
d 0.42 0.221 
e 0.34 0.7 
f 0.215 0.026 
g 0.88 1 
h 0.64 0.674 
i 2.2 2.5 
Sum of Square Errors (SSE) 0.003 0.014 
 
Mix N70-25, which had less ABR% than its counterpart, demonstrated lower modulus than N70-50, had 
lower strength at intermediate and higher temperatures. At lower temperature (4°C), the trend was 
slightly different. The results obtained for these two mixes (Figure 4.2) is consistent with general 
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viscoelastic characteristics of AC materials with properties converging to a similar instantaneous values 
that can be attained at low temperatures and high displacement rates for similar mixes. The fact that a 
master curve could be developed and overlapping strength values obtained at shifted displacement 
rates and different temperatures indicate that TTSP can be considered valid for strength in the range of 
temperatures and displacement rates considered. Experimental characterization should be extended to 
lower temperatures and higher displacement rates to gain further insight of strength characteristics of 
AC over a wider range of conditions.  
4.3 Summary 
This chapter shows the effect of variable displacement rate and temperature on the IDT strength test. 
Since loading pattern and strength characterization for both IDT and SCB fracture tests are similar, it is 
expected that strength results obtained from SCB-fracture test will follow the generalized Maxwell 
model as the IDT results show. Some other findings from this chapter can be summarized as follows: 
 Strength increases with decreasing temperature and increasing loading / displacement rate, 
which is consistent with viscoelastic characteristics of AC. Same effect was observed for both of 
the mixes tested.  
 Multiple temperature and loading rate testing results showed that similar strength values could 
be obtained at different temperature when loading rates were adjusted according to the shift 
factors determined based on linear viscoelastic characterization of the same mixes. A master 
curves could also be obtained using similar principles of shifting and reduced displacement rates 
as used for viscoelastic modulus characterization. Therefore, it can be concluded that TTSP can 
still be valid at the range of temperatures and displacement rates used in this study for the two 
mixes. More testing is required to extend strength characterization to lower temperatures and 
test if TTSP would still be valid.  
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5. Asphalt Concrete Constituent Effect on Low Temperature 
Displacement Rate-Dependency of Fracture Properties 
5.1 Overview 
This chapter focuses on the rate dependency of the AC mixtures being used at very low temperatures. 
These tests were done at the initial stages of the testing program to find out the low temperature 
displacement rate dependency of AC mixtures and the reasons of why there is very minimal low 
displacement rate dependency present at those temperatures.  
Displacement rate dependency decreases at low temperatures, unlike its behavior at above 0°C and 
intermediate temperatures. This has been attributed to material brittleness at low temperatures. 
Researchers have successfully showed the effect of various factors, such as aggregate, binder, material 
source, and mixture type, on the fracture resistance potential of AC [7-12]. Nevertheless, questions 
regarding the maximum and minimum temperatures associated with the loss of displacement rate 
dependency for fracture parameters need to be answered as well as its material composite dependence. 
Hence, it is important to investigate fracture tests at low temperatures and study fracture properties 
with varying displacement rates.  
Four different AC mixtures were used for fracture testing. All four mixtures had different constituents 
from one another. The primary objectives of this study are as follows:  
1) Determine the displacement rate dependency of fracture properties for different AC mixtures. 
2) Determine which of the constituents affect the displacement rate independency of fracture 
properties.   
3) Investigate the temperature at which there is no displacement rate dependency; determine the 
reasons behind the lack of displacement rate dependency at such temperature; and identify the 
material constituent that plays the most vital role in nullifying rate dependency. 
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5.2 Test Results and Discussions 
The results of low-temperature fracture tests are tabulated in Table 5.1-5.4 for each mixture to allow for 
a thorough study of the mixtures and the effect of each mixture’s constituents. Mixtures showing 
variations of above 10% for fracture energy between testing displacement rates at a specific 
temperature are considered different. N70-25% and N70-50% mixtures were tested to determine the 
temperature at which the mixtures would lose displacement rate dependency; N90-0% and N90-30% 
mixtures were then tested in more details to confirm the results. 
5.2.1 N70-25 
N70-25% mix was tested at two temperatures and two displacement rates to account for the 
displacement rate dependency of the mixture. The test results shown in Figure 5.1 indicate that N70-25 
loses its displacement rate dependency at or above -18°C.  The two displacement rates used for N70-25 
at -18°C were 0.07mm/min and 0.2mm/min; higher displacement rates resulted in catastrophic failure 
and therefore the results were not considered in this study. At 0°C, the tests were conducted at 
0.2mm/min and 3.125mm/min. The load-displacement plots for -18°C and 0°C are shown in Figure 5.1. 
  
Figure 5.1: N70-25% ABR test results: (a) Tests run at -18°C and (b) tests run at 0°C. 
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Table 5.1. Summary of Fracture Test Results for N70-25 
Temperature 
(oC) 
Displacement Rate 
(mm/min) 
SCB- Strength 
(MPa) 
Fracture Energy 
(J/m2) 
Energy 
Variation (%) 
-18 
0.07 0.635 439.68 
0.62 
0.2 0.622 445.2 
0 
0.2 0.501 1410.38 
24.64 
3.125 0.51 852.81 
 
It is obvious that the increase in displacement rate at -18°C did not cause any variation in fracture 
energy or strength. This finding, however, must be verified for other AC mixtures before reaching any 
conclusions. It must also be noted that energy decreased with the increase in displacement rate for 0°C. 
Generally, as shown in previous studies, an increase in temperature and displacement rate leads to an 
increase in fracture energy, but this phenomenon was not observed at 0°C [4, 6, and 13].  
5.2.2 N70-50 
Similar to N70-25, N70-50 was tested at -18°C and 0°C. N70-50 also lost its displacement rate 
dependency at -18°C, just as concluded above for N70-25.  The two displacement rates used for N70-50 
at -18°C were 0.07mm/min and 0.5mm/min, higher displacement rates resulted in catastrophic failure 
and therefore the results were not considered in this study. At 0°C, the tests were conducted at 
0.2mm/min and 3.125mm/min. The load-displacement plots for -18°C and 0°C testing are shown in 
Figure 5.2.  
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Figure 5.2: N70-50% ABR test results: (a) Tests run at -18°C and (b) tests run at 0°C. 
Table 5.2. Summary of Fracture Test Results for N70-50 
Temperature 
(oC) 
Displacement Rate 
(mm/min) 
SCB- Strength 
(MPa) 
Fracture Energy 
(J/m2) 
Energy 
Variation (%) 
-18 
0.07 0.745 545.87 
7.72 
0.5 0.737 637.19 
0 
0.2 0.491 1410.38 
30.26 
3.125 0.683 755.16 
 
Similar to the N70-25 mixture results, no displacement rate dependency was observed for the fracture 
parameters of N70-50 at -18°C. A variation of around 8% was noted between two highly different 
displacement rates. This verifies the displacement rate independency of the mixture at that 
temperature. On the other hand, a high displacement rate resulted in lower fracture energy at 0°C, 
which is in agreement with the results of N70-25.  
Neither N70-25 nor N70-50 showed an effect of displacement rate on fracture energy at -18°C due to 
the amount of asphalt binder replacement, or %ABR. This is counter intuition, it would be expected that 
the binder grade or type of binder replacement would have an effect.   
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5.2.3 N90-0 
To consider the effect of the binder grade, N90-0 was tested at three subzero temperatures (-18°C, -
12°C and 0°C). Testing at these three temperatures verified the effect of binder grade because the 
binder grade used in N90-0 is 64-22. The displacement rates used at -18°C and -12°C were 0.07mm/min 
and 0.7mm/min and at 0°C, 0.3125mm/min and 3.125mm/min. The load-displacement plots for -18°C, -
12°C, and 0°C testing are shown in Figure 5.3. 
  
 
Figure 5.3: N90-0 ABR test results: (a) Tests run at -18°C; (b) tests run at -12°C; and (c) tests run at 0°C. 
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Table 5.3. Summary of Fracture Test Results for N90-0 
Temperature 
(oC) 
Displacement Rate 
(mm/min) 
SCB- Strength 
(MPa) 
Fracture Energy 
(J/m2) 
Energy 
Variation (%) 
-18 
0.07 0.688 475.6 
1.9 
0.7 0.744 457.87 
-12 
0.07 0.682 705.13 
5.3 
0.07 0.671 746.08 
0.7 0.875 780.33 
0.7 0.774 679.37 
0 
0.3125 0.69 1294.97 
18.78 
3.125 0.761 885.43 
 
For N90-0, it is noted that the mixture is displacement rate independent at -12°C and continues to be as 
such below that temperature. The results suggest that binder grade might be the dominant factor 
leading to mixture brittleness, so the mixture fracture energy is displacement rate independent. Thus, 
PG low-temperature grade +10°C (PGLT+10°C) could be the threshold for displacement rate 
independency of a mixture. Material strength increases with displacement rate as would be expected.   
5.2.4 N90-30 
The N90-30 mixture was tested to confirm the effect of temperature and displacement rate on fracture 
energy and strength for a binder with 30% ABR. 
The N90-30 mixture specimens were tested at the same temperatures as N90-0. A displacement rate 
independency of PGLT+10°C or -18°C was expected for N90-30 as the binder grade used was PG58-28. 
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The displacement rates used are the same ones used for N90-0. The load-displacement plots for -18°C, -
12°C and 0°C testing are shown in Figure 5.4. Displacement rate dependency is clearly observed at -12°C.  
  
 
Figure 5.4: N90-0 ABR test results: (a) Tests run at -18°C; (b) tests run at -12°C; and (c) tests run at 0°C. 
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Similar to the results of N90-0, strength is found displacement rate dependent. This could be attributed 
primarily to the type of recycled material used for ABR. It has to be noted that the mixtures’ VMA should 
also be considered. 
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Table 5.4. Summary of Fracture Test Results for N90-30 
Temperature 
(oC) 
Displacement Rate 
(mm/min) 
SCB- Strength 
(MPa) 
Fracture Energy 
(J/m2) 
Energy 
Variation (%) 
-18 
0.07 0.729 564.03 
3.04 
0.7 0.87 550.72 
-12 
0.07 0.693 547.17 
16.56 
0.07 0.633 530.75 
0.7 0.786 757.92 
0.7 0.738 787.07 
0 
0.3125 0.669 1254.5 
12.17 3.125 0.841 971.65 
3.125 0.858 985.27 
 
  
5.3 Summary 
Testing of the four AC mixtures suggested that binder grade of an AC mixture affects the variable 
displacement rate fracture test parameters. The amount of ABR content may not have a significant 
effect on the displacement rate dependency of AC’s strength or energy at below 0°C temperatures, but 
the type of ABR content used could. The VMA of AC mixtures might also affect the displacement rate 
independency for strength. Thus additional testing should be done using new mixtures designed only 
changing the VMA and or changing the type of recycle binder content to validate and add to our 
findings. It was noted that AC mixtures used in this study are ideal to be run at different higher 
temperatures and different displacement rates to ultimately determine the displacement rate and 
temperature used for distinguishing between the AC mixtures.    
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6. Fracture Characterization of Asphalt Concrete Mixtures with 
Variable Displacement Rate and Temperature 
6.1 Overview 
To better understand the fracture behavior and fracture properties of AC, a detailed investigation into 
displacement rate and temperature dependency was carried out.  The concept of time-temperature 
superposition was tested whether it could still be valid for fracture energy similar to modulus and 
strength as shown in the previous chapters.  Most of the previous research conducted to quantify the 
displacement rate dependency of AC mixtures are limited to subzero (0°C or below) temperatures. It is 
important to understand the variation in crack propagation and fracture properties of AC at a wide 
spectrum of temperatures and displacement rates since cracking in the field occurs in different forms 
and at a wide range of temperatures and loading conditions. The following tasks were planned to 
achieve the aforementioned objectives:  
1) Determine the displacement rate dependency of fracture properties for different AC mixtures 
using both CMOD and LVDT controlled tests. 
2) Develop displacement rate-dependent models for fracture properties using the concept of TTSP 
with shift factors obtained from E* testing. 
3) Estimate the true base energy and maximum strength, displacement rate, testing temperature, 
and damage effects on the fracture properties of AC.  
The displacement rate dependency of the AC mixtures was plotted to show the effect of the variable 
displacement rate at different temperatures and, in certain cases, to show the effect of temperature at 
a specific displacement rate.  
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To establish the displacement rate-dependent fracture energy and strength behavior, TTSP was 
employed to identify reduced displacement rates at the reference temperature of 25°C using equation 
4.1 and 4.2. 
To define and quantify the displacement rate-dependent relationship between the fracture energy and 
the reduced displacement rate, Gent and Kinloch’s formulation of fracture energy was used [58]. This 
model assumes a base value for local fracture energy which is assumed to be not dependent on 
temperature and displacement rate. Global fracture energy can be obtained with an addition of a 
function attributed to viscoelastic nature of the material which would be expected to dissipate energy 
while crack is initiating and propagating.   
GF = Gf + f(T, Δ, Φ) ………………….…………………………………………………………………….…….(Eqn. 6.3) 
where, GF = Global/Total fracture energy 
Gf = True fracture energy 
f(T, Δ, Φ)= Function/Dependency of fracture energy on temperature, displacement rate, and damage  
(Damage depends on displacement rate and temperature). 
6.2 Test Results and Discussions 
The results are classified and grouped in accordance to the mixtures’ N-designs.  
6.2.1 Fracture Characterization of N70 Mixtures 
Figure 6.1 presents the load displacement curves obtained at different temperatures and multiple rates 
(two to three rates). It is shown that an increase in displacement rate at a definite temperature does not 
always increase the fracture energy; however, after a certain increase in energy, the increase in 
displacement rate leads to a decrease in energy.  
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Figure 6.1: Variable Displacement Rate and Temperature Fracture characterization Load vs 
Displacement Plots for N70 mixtures: (a) -18°C, (b) 0°C, (c) 12°C, (d) 25°C, and (e) 38°C. 
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Figure 6.1 (cont.) 
Table 6.1. Introduces actual displacement rate and shifted displacement rates along with fracture 
energy and SCB strength values. When reduced displacement rate is used, Figure 6.2 (a) presents the 
fracture energy variation over the range of test conditions. Fracture energy appears to have a plateau 
value at lower temperatures and higher displacement rates indicating a base value as introduced in the 
Equation 6.3. Fracture energy reaches a peak value and then decreases with decreasing displacement 
rate in other words increasing temperature. This relationship resembles a bell-shaped phase angle curve 
of a viscoelastic material. Generally, the relationship can be observed at all temperatures, but it is hard 
to specify the displacement rates at which the relation can be identified. Figure 6.1 (c) shows that at 
12°C, the energy of N70-25 increases when tested at displacement rate 3.125mm/min to 6.25mm/min, 
but when displacement rate increases to 12.5mm/min, energy decreases as a result of the brittleness 
induced by the high displacement rate. Generally, higher displacement rates yield higher strength, but 
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after a certain displacement rate, the increase in displacement rate yields the same strength as strength 
maxes out and becomes constant. 
 
Table 6.1. Summary of Fracture Test Results for N70 Mixtures 
N70-25 N70-50 
Temperature 
(0C) 
Original 
Rate 
(mm/min) 
Reduced 
Displacement 
Rate 
(mm/min) 
Fracture 
Energy 
(J/m2) 
Fracture 
Strength 
(MPa) 
Temperature 
(0C) 
Original 
Rate 
(mm/min) 
Reduced 
Displacement 
Rate 
(mm/min) 
Fracture 
Energy 
(J/m2) 
Fracture 
Strength 
(MPa) 
-38 0.07 2.63E8 324 0.63 -38 0.07 6.41E8 334 0.67 
-18 0.2 2.11E5 445 0.62 -18 0.5 9.24E6 637 0.74 
-18 0.07 7.39E4 439 0.64 -18 0.2 3.69E5 489 0.61 
0 3.125 5.84E4 852 0.51 -18 0.07 1.29E4 545 0.75 
0 0.2 373.70 1410 0.50 12 12.5 619.68 991 0.73 
0 0.07 130.80 1153 0.41 0 0.07 177.18 647 0.43 
12 12.5 532.74 1586 0.73 0 3.125 7909.65 755 0.68 
12 6.25 266.37 1488 0.30 0 0.2 506.22 1410 0.49 
12 3.125 133.18 2009 0.34 12 6.25 309.84 1431 0.71 
25 25 25.00 2355 0.36 12 3.125 154.92 1268 0.59 
25 12.5 12.50 1875 0.32 25 25 25.00 1960 0.64 
25 6.25 6.25 1560 0.23 25 12.5 12.50 1887 0.49 
38 50 1.61 952 0.09 25 6.25 6.25 1538 0.41 
38 25 0.80 952 0.09 38 50 1.40 1761 0.33 
38 6.25 0.20 832 0.08 38 25 0.70 1092 0.30 
 
The Figure 6.2(a) also shows that the AC mixtures are best distinguished at 25°C and faster displacement 
rates rather than at low temperature and slower displacement rates. The fracture parameters 
mentioned in Eqn. 6.3 are identified based on Figure 6.2(a) which shows the limited displacement rate 
effect at low temperature or high displacement rate. A decrease in displacement rate or increase in 
temperature causes an increase in energy within a certain range. The temperature effect can also be 
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identified based on Figure 6.2(a), as the same reduced displacement rate yielded different energies. 
True fracture energy (Gf) could be identified using the plateau values of fracture energy curves in Figure 
6.2 (a) are approximating at very high displacement rates or low temperatures indicating the diminishing 
effects of other dissipative mechanisms. These values can be approximately 450 and 500 J/m2 for N70-
25 and N70-50, respectively. 
  
Figure 6.2: Fracture Property comparisons between N70-25 and N70-50: (a) Fracture energy and  
(b) Fracture strength. 
The strength results and trends shown in Figure 6.2(b) represent the stiffness-like relationship between 
varying displacement rates and strength. Strength increases with the increase in displacement rate, but 
becomes constant after a certain maximum limit. The model used to represent strength values is the 
generalized Maxwell-like model reformed to consider strength rather than stiffness:  
𝑆∆(∆̇)= 𝑎 + 𝑏 [1 − 𝑒𝑥𝑝 (−
∆̇
𝑐
)] + 𝑑 [1 − 𝑒𝑥𝑝 (−
∆̇
𝑒
)] + 𝑓[1 − 𝑒𝑥𝑝 (−
∆̇
𝑔
)] .......... (Eqn. 6.4) 
where, 𝑆(∆̇)= Strength at reduced displacement rate= Fitting strength 
∆̇= 𝑅𝑒𝑑𝑢𝑐𝑒𝑑 𝑟𝑎𝑡𝑒 
a, b, c, d, e, f, g = Fitting coefficients 
 
     (a) 
     (b) 
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Table 6.2. Fracture Strength Fitting Coefficients for N70 Mixtures 
Fitting Coefficients N70-25 N70-50 
a 0.138 0.316 
b 0.5 0.391 
c 0.518 0.257 
d 165.4 25.53 
e 14.62 9.97 
f 0.324 -2.343 
g 3.111 3.674 
Sum of Square Errors (SSE) 0.121 0.095 
 
 
6.2.2 Fracture Characterization of N90 Mixtures 
Figure 6.3 presents the load displacement curves obtained at different temperatures and multiple 
displacement rates (two to three displacement rates) for the N90 mixtures. It is shown that an increase 
in displacement rate at a specific temperature does not always results in an increase in fracture energy; 
however, after a certain increase in fracture energy, the increase in displacement rate leads to a 
decrease in fracture energy. 
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Figure 6.3: Variable Displacement Rate and Temperature Fracture characterization Load vs 
Displacement Plots for N90 mixtures:  (a) -25°C, (b) -18°C, (c) -12°C, (d) -6°C, (e) 0°C, (f) 12°C, (g) 18°C, 
(h) 25°C, (i) 32°C, and (j) 38°C. 
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Figure 6.3 (cont.) 
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Figure 6.3 (cont.) 
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Figure 6.3 (cont.) 
 
Similarly, stiffer AC mixture N90-30 showed less displacement rate dependency on fracture energy at all 
tested temperatures. Both mixtures showed phase angle-like behavior for variable displacement rates at 
12°C, thus proving that a phase angle-like relationship exists at all temperatures. Strength, however, 
follows the stiffness rule positively throughout the test matrix.   
In addition to the above temperatures, fracture tests were also run at other temperatures without 
quantifying the rate dependency. Table 6.3 presents these results along with the results shown in Figure 
6.3 for the reduced displacement rates using the process described in the previous section at a 
reference temperature of 25°C.  
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Table 6.3. Summary of Fracture Test Results for N90 Mixtures 
N90-0 N90-30 
Temperature 
(0C) 
Original 
Rate 
(mm/min) 
Reduced 
Displacement 
Rate 
(mm/min) 
Fracture 
Energy 
(J/m2) 
Fracture 
Strength 
(MPa) 
Temperature 
(0C) 
Original 
Rate 
(mm/min) 
Reduced 
Displacement 
Rate 
(mm/min) 
Fracture 
Energy 
(J/m2) 
Fracture 
Strength 
(MPa) 
-25 0.3125 1.36E6 525 0.79 -25 0.07 1.82E6 471 0.74 
-25 0.07 3.04E5 473 0.72 -25 0.3125 8.13E6 490 0.77 
-18 0.7 2.49E5 457 0.74 -18 0.07 1.12E5 564 0.73 
-18 0.07 2.49E4 475 0.68 -18 0.7 1.12E6 550 0.87 
-12 0.7 3.26E4 729 0.79 -12 0.07 1.15E5 538 0.67 
-12 0.07 3256.7 725 0.69 -12 0.7 1.15E6 772 0.76 
-6 3.125 2.08E4 804 0.76 -6 0.7 1.31E4 1284 0.69 
-6 0.7 4656.3 857 0.7 -6 3.125 5.82E4 748 0.77 
0 3.125 3237.1 885 0.76 0 0.3125 729.96 1254 0.67 
0 0.3125 323.71 1294 0.69 0 3.125 7299.6 978 0.85 
12 12.5 397.10 2155 0.72 12 1.5 71.45 1836 0.56 
12 10 387.24 2284 0.65 12 12.5 595.39 1142 0.8 
12 1 31.77 2176 0.41 12 15 714.47 1041 0.82 
18 25 154.90 3432 0.79 18 6.25 47.95 1738 0.51 
18 6.25 38.72 2510 0.53 18 25 191.78 2249 0.76 
25 50 50.00 3905 0.64 25 6.25 6.25 1705 0.45 
25 6.25 6.25 2012 0.26 25 50 50 2271 0.62 
32 50 8.77 3581 0.5 32 12.5 1.79 1694 0.37 
32 12.5 2.19 1837 0.24 32 50 7.16 2140 0.46 
38 50 2.10 2258 0.29 38 12.5 0.36 1403 0.27 
38 12.5 0.53 1264 0.14 38 62.5 1.81 1790 0.41 
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Figure 6.4: Fracture Property comparisons between N90-0 and N90-30: (a) Fracture energy and  
(b) Fracture strength. 
Similar to the results of N70 mixture, the variation of energy with different rates in the reduced format 
shows the phase angle-like relationship. This effect was quantified using Equation 6.3.The fracture 
parameters of Equation 6.3 were identified based on the findings presented in Figure 6.4(a), which are 
similar to those of N70 mixtures. For these two AC mixtures, the largest difference in energies was 
identified at displacement rates of 25°C. Therefore, 25°C was considered the most ideal temperature for 
mixture screening. True fracture energy (Gf) could be identified using the plateau values of fracture 
energy curves in Figure 6.4 (a) are approximating at very high displacement rates or low temperatures 
indicating the diminishing effects of other dissipative mechanisms. These values can be approximately 
500 J/m2 for N90-0 and N90-30. 
Fracture strength also shows stiffness-like relationship where the strength increases with the increase in 
displacement rate, but becomes constant after a certain maximum limit. The generalized Maxwell-like 
model, reformed to consider strength rather than stiffness, was used to represent the strength values as 
expressed in Equation 6.4. The fitting coefficients for N90 mixtures are shown in Table 6.4. 
 
     (a) 
     (b) 
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Table 6.4. Fracture Strength Fitting Coefficients for N90 Mixtures 
Fitting Coefficients N90-0 N90-30 
a 0.179 0.373 
b 7.026 18.12 
c 0.946 0.128 
d -7.895 -17.39 
e 0.839 0.12 
f 1.925 -0.322 
g 0.44 0.38 
Sum of Square Errors (SSE) 0.097 0.089 
 
Because of the discrepancy in data and shift factors may not be used at all temperatures, the phase 
angle-like relationship was not modeled in the reduced displacement rate plots. However, to 
demonstrate the changes in fracture energy through various displacement rates and temperatures, the 
fracture energy was plotted against various temperature and displacement rate. Similar trend was 
observed for fracture energy over a wide range of temperatures and at different displacement rates for 
both mixes. Fracture energy starts at a lower value and does not change significantly at temperatures 
below 0°C. On the other hand, fracture energy increases with temperature above 0°C until it peak value 
at or around intermediate temperatures. At lower temperatures, fracture energy appears to be less 
sensitive to changes in displacement rate. Date is presented in Figures 6.5 through 6.7. 
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Figure 6.5: Fracture energy comparisons between slow and fast Displacement rates: (a) N90-0 and  
(b) N90-30. 
The trends as shown above also represent a phase angle which was then modeled using the following 
equation: 
Energy Fit= 𝑎 ∗ 𝑥5 + 𝑏 ∗ 𝑥4 + 𝑐 ∗ 𝑥3 + 𝑑 ∗ 𝑥2 + 𝑒 ∗ 𝑥 + 𝑓…………………….………… (Eqn. 6.5) 
where, a, b, c, d, e, f= Fitting coefficients 
x= Temperatures (°C) 
Figure 6.6: Phase Angle Model for Fracture energy comparisons between slow and high displacement 
rates: (a) N90-0 and (b) N90-30. 
 
 
     (a)      (b) 
     (b) 
     (a) 
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Table 6.5. Fracture Energy Fitting Coefficients for N90 Mixtures 
Fitting 
Coefficients 
N90-0 N90-30 
Slow 
Displacement 
Rate 
(6.25mm/min) 
Fast 
Displacement 
Rate 
(50mm/min) 
Slow 
Displacement 
Rate 
(6.25mm/min) 
Fast 
Displacement 
Rate 
(50mm/min) 
a 4.79E-05 3.49E-06 -1.15E-05 2.55E-06 
b -0.00116 -0.00317 0.0004078 -0.00147 
c -0.09935 -0.01851 -0.00981 0.000187 
d 0.7456 3.86 -0.4542 1.65 
e 78.25 78.51 37 34.75 
f 1326 1018 1255 903.1 
 
Similarly, figure 6.7 shows the phase angle like relationship for N90-0 and N90-30 at 0°C. 
 
Figure 6.7: Fracture Energy Distribution between N90-0 and N90-30 at 0°C 
6.2.3 Fracture Characterization of N80 Mixtures 
The N80 mixtures were tested using LVDT control with high displacement rates at various temperatures. 
The displacement rates used were 6.25mm/min and 50mm/min throughout the temperature matrix. 
Figure 6.8 presents the load displacement curves obtained for different temperatures and displacement 
rates. It is shown that an increase in displacement rate at a definite temperature does not always 
increase the fracture energy; however, at certain energy, the increase in displacement rate leads to a 
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decrease in energy. The results are arranged in a way such that the temperature effect could be 
visualized for all materials. 
 
 
Figure 6.8: Variable Displacement Rate and Temperature Fracture characterization Load vs 
Displacement Plots for N80 Mixtures: (a) 6.25mm/min and (b) 50mm/min. 
With the increase in temperature, materials become more ductile. As a result, the pre-peak portion 
becomes more slanted while the post-peak portion turns bulky. This results in a slow increase in fracture 
energy up to a maximum temperature and a decrease in strength with the increase in temperature. This 
could be caused by the increase in the fracture process zone of the material beyond the typical notch 
edge. Also, with the increase in temperature, the material becomes soft so damage can be dissipated 
more readily towards the outer bulk of the specimen, which indicates the significance of bulk dissipation 
and its quantification. Therefore, TTSP does not apply for higher temperatures even if the displacement 
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rates are properly superimposed. The more viscoelastic the material, the higher the displacement rate 
dependency and the farther it is apart from following TTSP.   
Table 6.6. Summary of Fracture Test Results for N80 Mixtures 
N90-0 N90-30 
Temperature 
(0C) 
OriginalRat
e 
(mm/min) 
Reduced 
Displacement 
Rate 
(mm/min) 
Fracture 
Energy 
(J/m2) 
Fracture 
Strength 
(MPa) 
Temperature 
(0C) 
Original 
Rate 
(mm/min) 
Reduced 
Displacement 
Rate 
(mm/min) 
Fracture 
Energy 
(J/m2) 
Fracture 
Strength 
(MPa) 
-30 50 6.74E9 327 0.63 -30 50 5.44E9 253 0.63 
-30 6.25 8.43E8 304 0.71 -30 6.25 6.81E8 285 0.73 
-18 50 5.71E7 440 0.69 -18 50 4.86E7 297 0.64 
-18 6.25 7.13E6 262 0.69 -18 6.25 6.08E6 442 0.88 
0 50 9.74E4 365 0.65 0 50 8.93E4 470 0.77 
0 6.25 1.22E4 455 0.75 0 6.25 1.12E4 487 0.77 
12 50 2175.7 1123 0.75 12 50 2083.8 665 0.64 
12 6.25 271.96 661 0.80 12 6.25 260.48 329 0.64 
25 50 50.00 1446 0.59 25 50 50.00 1618 0.60 
25 6.25 6.25 1821 0.55 25 6.25 6.25 1077 0.64 
38 50                             1.57 1526. 0.29 38 50                             1.64 1316 0.48 
38 6.25 0.20 725 0.21 38 6.25 0.20 864 0.21 
 
 
Figure 6.9: Fracture Property comparisons between N80-25 and N80-50: (a) Fracture energy and  
(b) Fracture strength. 
     (a) 
     (b) 
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The variation of energy with different displacement rates in the reduced format reflects a phase angle-
like relationship similar to that found in the four mixtures tested using CMOD control. The fracture 
parameters of Equation 6.3 were identified based on Figure 6.9(a). True fracture energy (Gf) could be 
identified using the plateau values of fracture energy curves in Figure 6.9 (a) are approximating at very 
high displacement rates or low temperatures indicating the diminishing effects of other dissipative 
mechanisms. These values can be approximately 400 J/m2 for N80-25 and N80-50.  
Strength results and trends were also similar to those of other mixtures. The generalized Maxwell-like 
model, reformed to consider strength rather than stiffness, was used to represent strength values. The 
fitting coefficients for N80 mixtures are shown in Table 6.7. 
Table 6.7. Fracture Strength Fitting Coefficients for N80 Mixtures 
Fitting Coefficients N80-25 N80-50 
a 0.39 0.434 
b 0.019 0.267 
c 0.686 0.161 
d 4.552 0.027 
e 0.078 -0.243 
f -4.241 0.167 
g 0.073 4.131 
Sum of Square Errors (SSE) 0.062 0.061 
 
6.2.4 Fracture Energy Model Development 
The fracture energy data shown in the previous sections provided us with a bell-shaped behavior over 
the wide spectrum of displacement rates. So it is necessary to express this behavior with a simple 
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mathematical model to represent the data and generalize the behavior as a phase angle. The primary 
objective of developing this model though was not to provide a general purpose fracture model but to 
show the trends in the behavior of AC.  
 
 
Figure 6.10: Fracture Energy Model Fitting: (a) N70 Mixtures; (b) N90 Mixtures; (c) N80 Mixtures.  
The figures above show the fracture energy data with fitted polynomial model. The fitted model 
reiterates the message being transmitted in the previous sections of this chapter, that, 25°C is the ideal 
temperature and 50mm/min is the displacement rate at which two very different mixtures can be most 
properly distinguished.  
     (b)      (a) 
     (c) 
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The trends used to represent the phase angle-like behavior for fracture energy over the displacement 
rate spectrum is divided into two 3rd degree polynomial fittings. The objective of providing model fitting 
to the data is just to demonstrate trends with changing rate and temperature.  One equation was used 
to fit the coldest temperature data points (Fastest Displacement Rate) to the peak of the data (25°C) and 
the other to fit the data from the peak energy to the highest temperature (Slowest Displacement Rate) 
data points. The polynomial equation used is as follows: 
Fracture Energy, Gf = a + b*x + c*x2 + d*x3…………………………………………..……………(Eqn. 6.4) 
where, x = Reduced Displacement Rates (mm/min) 
a, b, c, d = Fitting Co-efficient 
The fitting coefficients for the mixtures are shown in Table 6.8 and Table 6.9. 
Table 6.8. Fracture Energy Fitting Coefficients for Data from Coldest Temperature (Fastest Reduced 
Displacement Rate) to Peak Energy  
Fitting Coefficients N70-25 N70-50 N90-0 N90-30 N80-25 N80-50 
a 4058 3285 10539 5092 2719 3263 
b -1485 -1156 -5325 -2235 -931.2 -1238 
c 204.4 159.4 926 374.8 114.9 172.4 
d -9.593 -7.496 -52.81 -21.32 -4.565 -7.835 
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Table 6.9. Fracture Energy Fitting Coefficients for Data from Peak Energy to Highest Temperature 
(Slowest Reduced Displacement Rate) 
Fitting Coefficients N70-25 N70-50 N90-0 N90-30 N80-25 N80-50 
a 1016 1343 1560 1644 1371 888 
b 544.8 346.1 916.3 329 831.7 146.2 
c 220.5 53.75 -443.1 -463.4 -221.1 163.9 
d 53.74 10.53 421.6 286.8 -142.7 1.895 
 
6.3 Summary 
 This chapter presents the variable displacement rate and temperature effect on various AC mixtures. 
The results show a phase angle relationship for fracture energy with respect to reduced displacement 
rate and a stiffness relationship for SCB strength similar to IDT-strength.  
Analyzing the plots generated in the chapter the following points can be summerized:  
 An increase in displacement rate does not necessarilly result in increasing fracture energy. Each 
specific temperature has its own phase angle-like relationship to displacement rate dependency, 
i.e., an increase in displacement rate results with the increase in fracture energy upto a certain 
limit after which energy decreases until it levels down to a minimum value. This relationship is 
expressed using Knauss’s fracture energy formulation, where the overall energy graph can be 
identified as a function of true fracture energy, displacement rate, and temperature dependecy. 
 An increase in temperature for a specific displacement rate leads to an increase in fracture 
energy upto a specific temperature (25°C) after which energy starts decreasing. This is due to 
the fact that above 25°C temperature the mixture becomes so soft that the specimen looses the 
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strength to contribute towards the fracture energy. This relationship is represented with a 3-
degree polynomial model showing the phase angle behavior.  
 The most important finding from this chapter is derived from determination of the stiffness and 
IDT strength-like behavior of SCB fracture strength. A reformed version of Maxwell model was 
used to fit the strength data, which consideres that higher rate corresponds to higher energy 
until energy reaches a maximum level.  
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7. Validation of Time-Temperature Superposition Principle for 
Fracture Properties 
7.1 Overview 
TTSP is found to be valid for small strain linear viscoelastic domains based on the generalized Maxwell 
model relationship. Recently, TTSP was proven to be valid for large strain applications including fracture 
problems conducted using monotonically applied displacements  [15, 16] when using the equivalent 
time concept (teq =
𝑡
𝑎𝑇
) [15, 16]. The equivalent time concept is illustrated in Figure 7.1. 
 
Figure 7.1: Schematic explanation of TTSP [15, 16] 
In TTSP, if the loading paths of two tests are identical for a shifted equivalent or reduced time, then the 
responses of both tests are the same. This usually considers the similarity of load-displacement plots to 
quantify TTSP. However, the increase in ductility and bulk dissipation with the increase in temperature 
have not been explored. In this study, the displacement rate effect was investigated to validate TTSP. It 
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is important to study the TTSP effect with more than one mixture and to use numerical comparison of 
fracture energy and strength values. When the displacement rate effect is coupled with fracture energy 
and strength, TTSP can be validated.  
The equivalent time concept was used, where teq =
𝑡
𝑎𝑇
 .  The AC mixture tests were performed using 
CMOD control. The reduced displacement rate was calculated as follows using equations 4.1 and 4.2. 
Figure 7.2 illustrates an example of equivalent time concept applied to specific displacement rates for 
N90-30. The equivalent displacement rate for 0°C and -12°C after the shifting is similar to that of -6°C 
displacement rate. 
 
Figure 7.2: Example demonstration of displacement rate equivalency for the fracture tests conducted 
at 0°C, -6°C and -12°C using -6°C as reference. 
7.2 Test Results and Discussion 
Several tests were conducted at various temperatures to determine the displacement rate effect on SCB 
fracture energy and strength. The results were provided in chapter 5. The displacement rate and 
temperatures were arranged to check the validity of the shift factors obtained from the linear 
viscoelastic complex modulus test in a non-linear fracture testing mode. 
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Tests were run at -12°C, -18°C and -6°C at different displacement rates that were nearly equivalent 
when shift factors were used with a reference temperature of -12°C. Table 7.1 provides a summary of 
shift factors and the respective displacement rates required to provide equivalency with respect to the 
reference temperature. Theoretically, when tests are conducted at these displacement rates and 
temperatures, same fracture energy should be obtained if TTSP is valid. 
Table 7.1: N90-0 and N90-30 TTSP Displacement Rate Equivalency Summary for -12°C Reference 
Mixture Temperature (°C) 
Shift Factors 
aT(TR)/aT(Ti) 
Displacement 
Rate Used V(Ti) 
(mm/min) 
N90-0 
-18 0.1305 0.09 
-12 1 0.7 
-6 6.9942 4.896 
N90-30 
-18 0.1028 0.072 
-12 1 0.7 
-6 8.7835 6.149 
 
In order to assess validity of TTSP as a first step, load displacement curves are shown in Figure 7.3 for 
the conditions summuarized in Table 7.1. The plots seem fairly equivalent; especialy for the N90-30 mix. 
It should also be noted that displacement rates were not precisely controlled in the experiment. If the 
displacement rates were properly controlled such that all the three displacement rates overlapped with 
each other, the strength of all the tests would be anticipated to be similar. As previously discussed, the 
increase in displacement rate at -18°C increases the strength, but does not increase fracture energy. 
Also, an increase in displacement rate at -6°C decreases fracture energy and increases strength. It was 
found that for N90-0 and N90-30, TTSP for strength is valid for the three temperatures and displacement 
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rates. However, application of TTSP to fracture energy appear to be limited to N90-30 mix for these 
temperatures with an exception at -18°C temperature testing at the lowest rate.       
 
 
Figure 7.3: (a) N90-0 TTSP at -12°C with -18°C and -6°C; (b) N90-30 TTSP at -12°C with  
-18°C and -6°C 
Similar tests were run at -6°C, -12°C, and 0°C at different displacement rates, that were equivalent when 
the shift factors were used, keeping -6°C as the reference temperature. Table 7.2 provides a summary of 
shift factors and the respective displacement rates required to provide equivalency with the reference 
temperature.  
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Table 7.2: N90-0 and N90-30 TTSP Displacement Rate Equivalency Summary for -6°C Reference 
Mixture Temperature (oC) 
Shift Factors 
aT(TR)/aT(Ti) 
Displacement 
Rate (mm/min) 
V(Ti) 
N90-0 
-12 0.143 0.1 
-6 1 0.7 
0 6.4215 4.495 
N90-30 
-12 0.1138 0.079 
-6 1 0.7 
0 7.984 5.589 
 
 
The N90-0 at the equivalent or near-equivalent displacement rates resulted in very similar load-
displacement plots. Based on the plots in Figure 7.4, it seems that TTSP can still be valid for both 
strength and fracture energy when the tests are run at equivalent displacement rates at the 
temperatures from -12°C to 0°C. However, in the case of N90-30, due to increasing variability in the 
testing results and unrealistic jump at -6°C as compared to other sets of temperatures, TTSP validation 
could not be performed. In addition, the displacement rate used at 0°C was very high compared with the 
displacement rate used at -12°C and -6°C which may have resulted in higher strength at 0°C.  
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Figure 7.4: (a) N90-0 TTSP at -6°C with -12°C and 0°C; (b) N90-30 TTSP at -6°C with -12°C and 0°C 
Analysis were also run at 0°C and 12°C with a reference temperature of 6°C. Different displacement 
rates, that were equivalent displacement rates when shift factors were used, were applied, keeping 6°C 
as the reference temperature. Table 7.3 provides a summary of shift factors and the respective 
displacement rates required to provide equivalency with the reference temperature. 
From Figure 7.5 we can find that, for N90-0, testing at 6°C and 12°C rendered similar energy results, but 
for 0°C, energy results were different. This might be caused by the significant difference between 
0.3125mm/min and the other displacement rates. In addition, all testing run at above zero temperatures 
resulted in high viscoelasticity and damage dissipation in the bulk of the specimens; hence, the variation 
in results. Even though fracture energy does not conform to TTSP, strength follows the TTSP rule. 
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Table 7.3: N90-0 and N90-30 TTSP Displacement Rate Equivalency Summary for 6°C Reference 
Mixture Temperature (oC) 
Shift Factors 
aT(TR)/aT(Ti) 
Displacement 
Rate (mm/min) 
V(Ti) 
N90-0 
0 0.1687 0.337 
6 1 2 
12 5.5005 11 
N90-30 
0 0.1369 0.308 
6 1 2.25 
12 6.716 15.111 
 
  
 
Figure 7.5: (a) N90-0 TTSP at 6°C with 0°C and 12°C; (b) N90-30 TTSP at 6°C with 0°C and 12°C  
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On the other hand, N90-30 follows the TTSP rule very well. This is largely due to the reduction in 
viscoelasticity of this mix as the introduction of RAS turns the mix less viscoelastic and lowers its 
displacement rate dependency. Also, damage dissipation decreases because of the small size of the 
fracture process zone (FPZ) [59]. 
In the case of keeping 18°C as a reference temperature, 12°C and 25°C displacement rates were shifted 
for equivalency. The summary is shown in Table 7.4. 
Table 7.4: N90-0 and N90-30 TTSP Displacement Rate Equivalency Summary for 18°C Reference 
Mixture Temperature (oC) 
Shift Factors 
aT(TR)/aT(Ti) 
Displacement Rate (mm/min) 
V(Ti) 
N90-0 
12 0.195 1.219 
18 1 6.25 
25 6.1958 38.72 
N90-30 
12 0.1611 1.007 
18 1 6.25 
25 7.6713 47.95 
 
 
For N90-0 according to figure 7.6, TTSP is valid for strength even though the peak loads are quite 
different, but checking the displacement rate equivalency shows that lowering and increasing the 
displacement rate for 25°C and 12°C, respectively, should result in similar peak loads and strength. The 
fracture energy TTSP equivalency may not apply at higher temperatures because of the high 
displacement rate dependency of the material as a result of its viscoelasticity.  
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Figure 7.6: (a) N90-0 TTSP at 18°C with 12°C and 25°C; (b) N90-30 TTSP at 18°C with 12°C and 25°C 
 
For N90-30, TTSP seems more valid for fracture both energy and strength. This might be caused by the 
reduction in viscoelasticity and displacement rate dependency due to the addition of RAS and the 
decrease in virgin binder. 
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When 32°C is used as a reference temperature, the displacement rate at 25°C is shifted for rate 
displacement equivalency. The displacement rates used for 25°C were 6.25mm/min, which is slower 
than the estimated displacement rates shown in Table 7.5.  
 
Table 7.5: N90-0 and N90-30 TTSP Displacement Rate Equivalency Summary for 32°C Reference 
Mixture Temperature (oC) 
Shift Factors 
aT(TR)/aT(Ti) 
Displacement 
Rate (mm/min) 
V(Ti) 
N90-0 
25 0.1755 8.774 
32 1 50 
N90-30 
25 0.1431 7.156 
32 1 50 
 
 
We can see from figure 7.7 that the displacement rate dependency of the N90-0 mixture increases the 
strength and fracture energy when the displacement rate increased. The strength may follow the TTSP 
rule if near-equivalent displacement rates are applied, but fracture energy may not comply with the 
TTSP rule. 
N90-30 follows TTSP rule requirements for both fracture energy and strength. While fracture energy 
may not satisfy TTSP at such a high temperature (32°C), considerable bulk dissipations and an increase in 
fracture process zones are noticed at 50mm/min. Hence, the post-peak fracture energy may be 
different. Overall, TTSP is considered valid for both fracture energy and strength based on the typical % 
variations commonly obtained for such tests. 
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Figure 7.7: (a) N90-0 TTSP at 32°C with 25°C; (b) N90-30 TTSP at 32°C with 25°C 
With a reference temperature of 32°C, an equivalent displacement rate was also tested at 38°C.  
Table 7.6: N90-0 and N90-30 TTSP Displacement Rate Equivalency Summary for 38°C Reference 
Mixture Temperature (oC) 
Shift Factors 
aT(TR)/aT(Ti) 
Displacement 
Rate (mm/min) 
V(Ti) 
N90-0 
32 1 12.5 
38 4.1758 52.197 
N90-30 
32 1 12.5 
38 4.9367 61.708 
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For N90-0, the strength is found to be similar and therefore strength TTSP is consdiered valid. TTSP for 
fracture energy though is found invalid due to the mixture viscoelasticity.  
 
 
Figure 7.8: (a) N90-0 TTSP at 32°C with 38°C; (b) N90-30 TTSP at 32°C with 38°C 
However, the N90-30, due to its less viscoelasticity, the TTSP was valid for both fracture energy and 
strength.  
7.3 Summary 
This chapter summarized the analysis of experimental results to assess validity of the TTSP for fracture 
energy of AC. It can be summarized from the results of this chapter that strength of a mixture follows 
the TTSP rule in general but it is not always the case for fracture energy. The main findings of this 
chapter are summarized as follows:  
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 Strength mostly follows the TTSP rule and can therefore be generalized through the viscoelastic 
generalized Maxwell model-like relationships. 
 Fracture energy does not always follow TTSP rule. It is concluded that application of TTSP varies 
with mixture characteristics and temperatures applied. Among the mixes studied, N90-30 mix 
appeared to follow TTSP at a greater range of temperatures and displacement rates as 
compared to the N90-0 mix. N90-30 mix had 7.0% RAS which reduced the virgin binder by 30%. 
This resulted in a less viscous mixture. Such mixes with reduced viscous component can be 
expected to develop smaller fracture process zones and less distributed crack front damage. On 
the other hand, N90-0 mix could have a large process with distributed damage at the crack front 
violating the application of TTSP rule which is generally valid for linear viscoelastic materials. A 
comparison of fracture process zone for these mixes were shown elsewhere [59].   
 Decisions regarding TTSP validation should not be made based only on the similarity between 
load-displacement plots as mentioned in previous studies [15, 16]. It also needs to be validated 
through fracture energy values calculated from these curves and the displacement rate and 
temperature dependability of the mixtures.  
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8. Conclusion and Recommendations 
The objectives of this study were to better understand the AC mixtures fracture behavior at wider 
spectrum of temperatures and identify the optimum temperature and displacement rate that would 
allow discrimination of AC mixes against potential cracking. The effect of displacement rate on fracture 
energy and strength were evaluated at various temperatures. It appears that at the binder PG low 
temperature limit, the fracture energy of AC mixture becomes generally displacement rate independent. 
The application of the principle of TTSP was also examined for its applicability to strength and fracture 
energy. It was shown that applicability of the TTSP might be restricted over a limited range of 
temperatures and dependent on the mix type. Fracture energy does not always follow the TTSP rule 
especially when temperatures are above 12°C primarily due to potentially larger fracture process zones 
as a result of damage distribution at the crack fronts and bulk dissipation (energy release due to process 
which is not related to cracking). It was also shown that when the material is too sensitive to 
displacement rate changes, TTSP might be easily violated. On the other hand, TTSP could be valid at a 
greater range of temperatures for more brittle AC mixes with lower viscous part (such as in the case of 
increasing recycled binder, less virgin binder, etc.). Both these factors would limit damage distribution at 
the crack front, hence, bulk of the material remain as linear viscoelastic. Strength, however, follows 
TTSP rule for most temperatures and displacement rates for all of the mixes studied. Some of the other 
findings are noted below:  
 An increase in displacement rate does not always result in an increase in fracture energy. Each 
specific temperature has its own phase angle-like relationship with displacement rate 
dependency, i.e., an increase in displacement rate results in an increase in fracture energy up to 
a certain limit, after which fracture energy starts decreasing and levels down to a minimum 
value. Therefore, depending on the displacement rate of the experiment, fracture energy may 
appear to be increasing or decreasing part of this relationship. 
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 An increase in temperature for a specific displacement rate shows an increase in fracture energy 
upto a specific temperature (around 25°C) after which fracture energy starts decreasing due to 
increasing permanent deformations and loss in strength.  
 The phase angle relationship between fracture energy and displacement rate is expressed using 
Gent and Kinloch’s fracture energy formulation where the overall fracture energy plot can be 
identified as a function of true fracture energy, rate, and temperature dependecy [58]. This was 
shown to be a useful relationship to demonstrate contribution of sources of viscous energy 
dissipation (depedent on rate and temperature) to overall fracture energy. 
 Strength from both indirect tensile test (IDT) and SCB fracture test generally followed TTSP and 
its behavior could be understood using the viscoelastic generalized Maxwell model-like 
relationship. 
 The binder grade in the AC mixture constituent affects the transition of displacement rate-
dependent fracture energy into displacement rate-independent fracture energy. Fracture 
energy becomes displacement rate independent from the PG low temperature as indicated in 
the binder grade.  
 The addition of RAS and resulting reduction in virgin binder content had an effect of reduction in 
viscous component of mixes and displacement rate sensitivity. As a result, mixes became also 
stiffer. Therefore, TTSP was shown to be valid for a greater range of temperatures.  
 This study concluded that the modified IL-SCB test can be used to discriminate between AC 
mixes at an optimal temperature and displacement rate of 25oC and 50 mm/min. This test is 
currently being adopted as an AASTHO specification TP 124 [52] 
Even though various types of AC mixtures were tested and the displacement rate and temperature 
dependency was investigated; however, the following recommendations were made for future studies 
related to displacement rate and temperature effect of fracture:  
79 
 
 Different types of ABR should be considered in the AC mix designs for further evaluation of the 
TTSP validity.   
 Different types of mixes and additional rates and temperatures should be used to understand 
fundamental effects of viscoelasticity on fracture energy. As a result of this, fracture energy 
formulations like Gent and Kinloch’s can be developed for asphalt concrete.  TThe phase angle-
like relationship for each temperature could also be proven by conducting additional 
experiments at additional rates.  
 A proper indirect tensile strength to SCB fracture strength correlation should be established. 
This could ultimately eliminate the need for performing indirect tensile test. 
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